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Abstract We present the results of hydrodynamic simulations using the method of multi-particle collision
dynamics for a system of squirmer microswimmers moving under the influence of gravity at low Reynolds
numbers. In addition, the squirmers are bottom-heavy so that they experience a torque which aligns them
along the vertical. The squirmers interact hydrodynamically by the flow fields of a stokeslet and rotlet,
which are initiated by the acting gravitational force and torque, respectively, and by their own flow fields.
By varying the ratio of swimming to bulk sedimentation velocity and the torque, we determine state
diagrams for the emergent collective dynamics of neutral squirmers as well as strong pushers and pullers.
For low swimming velocity and torque we observe conventional sedimentation, while the sedimentation
profile becomes inverted when their values are increased. For neutral squirmers we discover convective
rolls of circulating squirmers between both sedimentation states, which sit at the bottom of the system
and are fed by plumes made of collectively sinking squirmers. At larger torques porous clusters occur that
spawn single squirmers. The two latter states can also occur transiently starting from a uniform squirmer
distribution and then disappear in the long-time limit. For strong pushers and pullers only weak plume
formation is observed.
PACS. 47.55.P Buoyancy-driven flows; convection – 47.57.ef Sedimentation and migration – 47.63.Gd
Swimming microorganisms – 87.18.Hf Spatiotemporal pattern formation in cellular populations
1 Introduction
Active entities consume energy locally in order to self-
propel without an external force. When these non-equilib-
rium objects move collectively, fascinating patterns emerge
both on the macroscopic and microscopic scale [1,2,3,4,
5], such as flocks of birds [6], motility-induced phase sepa-
ration [7,8,9,10], swarming [11,12,13,14], and active tur-
bulence [15,16]. Of particular interest are microswimmers,
i.e., organisms or synthetic particles that self-propel in a
fluid at low Reynolds numbers [17,18]. At higher densi-
ties, hydrodynamic interactions between the microswim-
mers become important and influence their collective dy-
namics [19,20,21,22,23].
Studying microswimmers under gravity is important
because often they are not neutrally buoyant [24,25,26,
27]. In such a setting non-equilibrium sedimentation has
been observed [24,28,29] accompanied by polar order along
the vertical [30] and convection [31]. Numerical hydro-
dynamic studies also discovered two-dimensional Wigner
fluids and swarming under strong gravity [32], as well as
fluid pumps in a parabolic potential [33]. In experimental
systems swimming under the influence of external fields
generates intriguing and surprising phenomena such as
the formation of thin layers of motile phytoplankton in
coastal regions [34], algae in bound dancing states [35],
and hovering rafts of active emulsion droplets [36].
Many microswimmers also perform gravitaxis, which is
the ability to align (anti-)parallel to the direction of grav-
ity. The gravitational torque to achieve this alignment can
either result from hydrodynamic drag of a microswimmer
with asymmetric morphology [37,38,39] or from bottom
heaviness, i.e., when the center of mass is offset relative
to the geometrical center [40,34,41,42]. Gravitactic swim-
mers can induce an overturning instability when accumu-
lating with higher density at the top boundary (reminis-
cent of the Rayleigh-Taylor instability), which then initi-
ates various patterns of bioconvection [43,44,45,46]. How-
ever, also gyrotaxis clearly plays an important role in such
settings [46,47,48,49,50,51]. There, the collective dynam-
ics of microswimmers depends on the combined action of
gravity and hydrodynamic flow [40,46]. The involvement
of physiological aspects in biotic pattern formation has
also been discussed [52,53,54].
In theory microswimmer systems under gravity have
been investigated in the past using the versatile spherical
squirmer model swimmer [27,31,32,55,56,57]. Here, we
simulate around 900 bottom-heavy squirmers under grav-
ity with full hydrodynamics using the method of multi-
particle collision dynamics (MPCD) [58,59]. Varying the
ratio of swimming to bulk sedimentation velocity and the
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gravitational torque due to bottom heaviness, we deter-
mine state diagrams for neutral as well as strong pusher
and puller squirmers. While for low swimming velocity
and torque conventional sedimentation is recovered, the
sedimentation profile becomes inverted when increasing
their values. For neutral squirmers we discover a rich phe-
nomenology between both states including a state where
plumes consisting of collectively sinking squirmers feed
convective rolls at the bottom of the system and dense
clusters which spawn single squirmers. These two states
can also occur transiently starting from a uniform squirmer
distribution and then disappear in the long-time limit. For
strong pushers and pullers only weak plume formation is
observed. We thoroughly characterize all states by differ-
ent quantities.
In the following, in sect. 2 we introduce the squirmer
model swimmer and the simulation method of multi-par-
ticle collision dynamics. Then, in sect. 3 we present all
our results. We start with the state diagram of neutral
squirmers followed by a detailed characterization of the
different states and also look at strong pushers and pullers.
Finally, we finish with a summary and conclusions.
2 Squirmer model swimmer and simulation
method
2.1 Spherical squirmer
Swimming on the micron scale is dominated by friction
[60,17]. Hence, hydrodynamics is captured by the Stokes
equations:
∇ · u = 0 (1)
η∇2u = ∇p , (2)
where u and p are the fluid velocity and pressure fields,
respectively.
Biological microswimmers often propel themselves by
collective beating patterns of cilia, which create flow fields
along their cell surfaces [3,61]. Also artificial microswim-
mers exist that either use phoretic self-propulsion mecha-
nisms, such as diffusiophoresis and thermophoresis in the
case of active colloids [3,62,63], or Marangoni stresses in
the case of active emulsion droplets [11] in order to gener-
ate such surface flow fields. A simple and effective approxi-
mation to all these swimming mechanisms is offered by the
spherical squirmer model [64,65], where an axisymmetric
tangential flow field on the surface is prescribed:
u(r)|r=R =
∞∑
n=1
Bn
2P ′n(e · rˆ)
n(n+ 1)
[−e + (e · rˆ)rˆ] . (3)
Here, e is the swimmer orientation vector, R is the swim-
mer radius, Pn is the nth Legendre polynomial, and P
′
n
means its first derivative.
Typically, the expansion is truncated after the second
term, leaving the two relevant modes B1 and B2. Then,
the flow field generated by the surface field of eq. (3) in
the surrounding fluid is [65,66]
u(r) =
B1
2
[(
−R
r
[e + (e · rˆ)rˆ] + R
3
r3
[−e + 3(e · rˆ)rˆ]
)
− βR
2
r2
(
−rˆ + 3 (e · rˆ)2 rˆ
)
+O
(
R4
r4
)]
(4)
where β = B2/B1 is the squirmer-type parameter.
2.1.1 Free squirmer
The squirmer induces a hydrodynamic source dipole and
for β 6= 0 also a force dipole, the far fields of which de-
cay as 1/r3 and 1/r2, respectively. Swimmers with β = 0
are called neutral squirmers, while β > 0 generates pullers
and β < 0 pushers. Since free squirmers are force-free, a
stokeslet term with a flow field decaying as 1/r is not al-
lowed but apears in eq. (4) [64,65]. The reason is that for
a moving squirmer also the swimming velocity v0e con-
tributes to its surface velocity field, which is not included
in eq. (3). Thus, following Pak and Lauga [66] the flow
field of eq. (4) has to be interpreted as the pumping field
generated by a squirmer held at a constant position by a
force. This stalling force Fa is given by the balance equa-
tion [66]:
Fa − 6piηRv = 0 , (5)
where here v is the swimming velocity of the freely mov-
ing squirmer. One can calculate the stalling force using
Lamb’s solution to the Stokes equations [67,68,66], Fa =
4piηR∇(e · r)B1 = 4piηRB1e, and arrive at the known
relation v =
2
3
B1e with the swimming speed v0 :=
2
3B1.
In a freely translating squirmer, the Stokes flow field
initiated by the pumping force is no longer present. Thus,
in eq. (4) the stokeslet vanishes and the source-dipole term
is modified leading to the flow field of a free squirmer [65,
66],
ufree(r) =B1
[
1
3
R3
r3
[−e + 3(e · rˆ)rˆ]
− β
2
R2
r2
(
−rˆ + 3 (e · rˆ)2 rˆ
)
+O
(
R4
r4
)]
.
(6)
2.1.2 Squirmer under gravity
Adding the gravitational force −mgez modifies the force
balance of eq. (5) and yields for the total squirmer velocity,
v = v0e−mg/(6piηR)ez, (7)
As in our previous publications [31,55] we introduce
the velocity ratio α := v0/vsed to compare the self-propul-
sion to the bulk sedimentation velocity, vsed = mg/6piηR.
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The gravitational force adds a Stokes flow field to the
free-squirmer solution of eq. (6), which as usual contains
a stokeslet and a source-dipole contribution:
ugst = −
3
4
vsed
R
r
(
ez +
z
r
rˆ
)
(8)
ugsd =
1
4
vsed
R3
r3
(
−ez + 3 z
r
rˆ
)
, (9)
where we introduced the coordinate along the vertical z =
r · ez. Due to their long-range nature it is important to
always take stokeslet flow fields into account when they
occur. This has been shown in experimental studies of
the dancing motion of Volvox algae [35] or the Stokesian
dynamics of swimmers in a harmonic trap [33].
2.1.3 Squirmer with bottom heaviness
In this article we assume the spherical squirmer to be
bottom-heavy, i.e., its center of mass has an offset r0 from
the geometrical center [42] such that a torque mgr0(−ez×
e) acts on the swimmer. Balancing external torque and
rotational friction torque −8piηR3Ω, we find the angular
velocity
Ω =
3
4
v0
R
r0
Rα
(−ez × e) . (10)
We will later use the dimensionless parameter
r0
Rα
=
R
v0
mgr0
6piηR3
(11)
to quantify the strength of the external torque. It com-
pares - up to the factor 3/4 - the characteristic time scale
of self-propulsion, R/v0, to the characteristic time of reori-
entation by bottom heaviness, 8piηR3/(mgr0). Sometimes
it is called the gyrotactic orientation parameter [46,69].
The rotating squirmer generates the flow field of a rot-
let [68],
ubhr =
R3
r2
Ω × rˆ = 3
4
v0
r0
Rα
R2
r2
(
(e · rˆ)ez − z
r
e
)
. (12)
Note that the spatial decay of this flow field is the same as
for pusher and puller squirmers but is more long-ranged
compared to the neutral squirmer. However, ubhr vanishes
when the squirmer is aligned with the vertical, meaning
e = ez.
2.2 Multi-particle collision dynamics
In the following we present the algorithm for performing
simulations with multi-particle collision dynamics that we
have already used in the past [22,31,32]. Therefore, we
only summarize it here. The algorithm is implemented in
a massively parallelized code, which runs on a computer
cluster. In addition, we also provide the parameters used
in our simulations.
2.2.1 Algorithm
We numerically solve the Navier-Stokes equations at low
Reynolds number using the mesoscale method of multi-
particle collision dynamics (MPCD) [58,70,59,71]. Ther-
mal noise is automatically included in this particle-based
solver. Since the Reynolds numbers employed in our simu-
lations are smaller than one, we effectively obtain solutions
of the Stokes equations where any inertia is neglected.
In the MPCD method the fluid is composed of point
particles of mass m0 that are kept at temperature T0.
A simulation step consists of the fluid particles perform-
ing consecutive streaming and collision steps. During the
streaming step, which has a duration ∆t, each fluid par-
ticle i moves ballistically with its velocity vi according to
ri(t + ∆t) = ri(t) + vi∆t (see footnote
1). The duration
∆t is a simulation parameter that controls the fluid vis-
cosity [70,72]. During the streaming step fluid momentum
is advected and also transferred to swimmers or absorbed
by walls. Furthermore, boundary conditions need to be ap-
plied to the squirmer surfaces and to bounding walls. For
this we employ the bounce-back rule [73] to implement ei-
ther the surface slip velocity field of a squirmer from eq. (3)
or the no-slip boundary condition for walls. The dynam-
ics of the squirmers themselves is also computed during
the streaming step. We perform 20 molecular dynamics
steps during each streaming step using Velocity-Verlet in-
tegration together with the gravitational force and steric
interactions between squirmers [71].
The purpose of the collision step is to exchange mo-
mentum between fluid particles. To that end, the simula-
tion box is divided into cubical cells of edge length a0. We
also use this length to define the fluid particle density as
the average particle number nfl per collision cell. Within
each cell fluid-particle velocities are updated with the help
of a collision operator, for which we use the MPC-AT+a
rule [59,71]. Thus, a thermostat is set up and both lin-
ear and angular momentums are conserved [59]. We also
apply a grid shift for each new collision step in order to
enforce Galilean invariance [74]. During the collision step
fluid and squirmers/bounding walls interact as well: if a
collision cell overlaps with a boundary or a squirmer, the
overlapping volume is filled with virtual fluid particles to
ensure the fluid density nfl remains the same [75,71]. After
the collision step the momentum gain of the virtual fluid
particles is transferred to the involved squirmer where the
virtual particles are located.
The flow fields calculated with the MPCD method are
accurate on length scales larger than the mean free path
of the fluid particles. Using large enough squirmer radii,
the hydrodynamic behaviour of squirmer microswimmers
is therefore well reproduced by the MPCD method [76,
77]. Thus it has widely been used to simulate a variety of
settings [77,78,22,31,55,79].
1 Our system height is smaller than the sedimentation length
of the fluid so that gravity acting on the fluid particles can be
neglected.
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Table 1. Characteristics of neutral squirmer states
state sedimentation profile sinking clusters/plumes convection
figs. 2, 3 figs. 5, 6 figs. 8,11,15
sedimentation exponential decay rare weak
inverted sedimentation exponential increase very rare none
plumes and
convective rolls
pronounced maximum
at the bottom
pronounced strong
spawning cluster
pronounced maximum
at the bottom
strong depletion
in the middle
very rare none
2.2.2 Parameters
For the most part, we use the parameters presented below,
in case of deviations we have stated them in the text. We
use the duration ∆t = 0.02a0
√
m0/kBT0 for the stream-
ing step and a fluid particle density of nfl = 10. This
implies a viscosity of η = 16.05
√
m0kBT0/a
2
0 [72,80]. For
our squirmers we use a radius R = 4a0, therefore the
translational and rotational thermal diffusivities in bulk
fluid are DT = kBT/(6piηR) ≈ 8 · 10−4a0
√
kBT0/m0
and DR = kBT/(8piηR
3) ≈ 4 · 10−5√kBT0/m0/a0, re-
spectively. We choose B1 = 0.1
√
kBT0/m0 and thus have
the active Pe´clet number Pe = Rv0/DT = 330, which is
comparable in order of magnitude to bacterial swimmers,
such as E. Coli [81] or B. subtilis [82], with Pe´clet num-
bers around 100. Furthermore, the ballistic time scale of
the squirmer is R/v0 = 3000∆t. The Reynolds number
Re = v0Rnfl/η = 0.17 is relatively high for creeping flow
systems. Lowering it further would mean considerably ad-
ditional computational cost. However, viscous effects are
definitely dominant in our simulations.
Typically, the volume density of squirmers was held
constant at 10%, simulating 914 squirmers in a box with
a system size of 108a0 × 108a0 × 210a0, where the lat-
ter length is the box height. This means that in a cross-
sectional slab of width 2R perpendicular to the direction
of gravity, the mean area fraction of squirmers is 15%. We
use no-slip boundary conditions at the top and bottom
walls and periodic boundary conditions in the horizon-
tal plane. As initial condition we always choose uniformly
distributed squirmers such that no squirmers overlap.
For our study of bottom-heavy squirmers we vary the
velocity ratio α by changing the gravitational accelera-
tion g, which in an experiment depends on the density
mismatch between swimmer and fluid. We find that in-
creasing α from zero up to around 7 captures the relevant
features in our squirmer simulations. Values in this range
can be obtained experimentally for example with Volvox
algae in water [83] or active emulsion droplets in a mixture
of H2O and D2O [36]. The rescaled torque r0/Rα is varied
by changing both g and the center-of-mass offset r0. Note
that the torque depends on real mass rather than buoyant
mass. In order to account for this difference, in ref. [42] the
parameter r0 was redefined as r0m/∆m, with the buoy-
ant mass ∆m. This way we can use the same parameter α
in both the torque and force equations. Alternatively, one
could also assume that ∆m ≈ m [42].
To analyze the data of our simulation runs, we save
the position, orientation, as well as translational and an-
gular velocities for each squirmer every 1000th time step
of duration ∆t.
Note for most densely packed squirmers a depletion of
the MPCD fluid particles is observed between the squirm-
ers due to finite compressibility [23]. In the states dis-
cussed in sects. 3.2.2 and 3.4 the squirmers are not most
densely packed. Nevertheless, we ran one simulation for
each of the states at higher fluid particle density nfl = 80
and decreased self-propulsion velocity B1 = 0.01. This
leaves the Pe´clet number almost constant [23] while lower-
ing compressibility. In these simulations we could confirm
that the phenomenology stays the same as for the lower
fluid particle density, which we typically use.
3 Results
In our hydrodynamic simulations we explored the dynam-
ics of bottom-heavy squirmers under gravity. Depending
on the velocity ratio α := v0/vsed and the strength of the
gravitational torque, we observed a variety of stable and
transient states. In fig. 1(a) we show the state diagram in
the parameter space α versus reduced gravitational torque
r0/Rα, which we determined in simulations with neutral
squirmers. We have marked four exemplary states by col-
ored points, for which we show the density profiles in fig. 2
in the same colors and videos M1-M4 in the supplemental
material. In the following, we introduce the main phe-
nomenology of the observed states.
The horizontal dotted line at α = 1 in fig. 1(a) marks
the upper limit, below which isolated squirmers sink down
in a bulk fluid and settle at a finite distance from a lower
bounding wall [55]. Hydrodynamically interacting squirm-
ers show a non-equilibrium sedimentation state, which
persists to α ≈ 3 for weak torques. For zero torque the
non-equilibrium sedimentation was already observed in
ref. [31]. A typical sedimentation profile at α = 1.5 and
r0/Rα = 0.01 is depicted in fig. 2. In contrast, at large
α and torques, the orientational bias of the squirmers
leads to their enrichment at the top wall and inverted
sedimentation occurs, which is even observable for small
torques. The corresponding inverted sedimentation profile
Felix Ru¨hle, Holger Stark: Emergent collective dynamics of bottom-heavy squirmers under gravity 5
Figure 1. (a) Observed states of neutral squirmers in the parameter space α versus r0/Rα. All symbols represent simulated
systems. The colored dots mark states for which we provide videos M1-M4 in the supplemental video, density profiles in fig.
2, and for two of them snaphots on the right. The dashed line shows a hyperbola, which follows from eq. (13), where stokeslet
vorticity and rotation due to bottom heaviness are balanced. (b) Snapshots of a plume and convection roll for α = 2.3 and
r0/Rα = 0.11 (left) and of a spawning cluster for α = 1.5 and r0/(Rα) = 0.5 (right).
0 50 100 150 200
z
10−3
10−2
10−1
ρ
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)
α = 6.01 r0/Rα = 0.02
α = 2.31 r0/Rα = 0.11
α = 1.50 r0/Rα = 0.50
α = 1.50 r0/Rα = 0.01
Figure 2. Density profiles for collective squirmer states
marked by dots of the same color in the state diagram of
fig. 1(a). The profiles belong to conventional non-equilibrium
sedimentation (red), inverted sedimentation (blue), stable
plumes and convection rolls (orange), and the spawning cluster
(green).
for α = 6.01 and r0/Rα = 0.02 is shown in fig. 2. For dilute
systems of bottom-heavy active particles such states were
already described in ref. [42]. Between sedimentation and
inverted sedimentation interesting dynamic states occur,
which we shortly introduce now.
In the region colored in gray in fig. 1(a) we observe
collections of sinking squirmers, which we call plumes. Al-
though oriented upwards on average, they can sink due
to the reduced viscous friction of a squirmer cluster. The
plumes supply a convective roll at the bottom of the sys-
tem that is formed and kept running by the self-propell-
ing squirmers. Solitary squirmer escape from the edges of
the roll and swim upwards. The formation of rolls and
plumes are reminiscent of bioconvection observed in ex-
periments [46,82,84,85]. We show an example of this state
at α = 2.31 and r0/Rα = 0.11 in video M3 and also pro-
vide a snapshot in fig. 1(b), left. The density profile is
non-monotonous with a broad maximum at the position
of the bottom cluster, a minimum in the central region,
where plumes pass through, and a sharp maximum at the
top wall, where squirmers accumulate.
Notably, starting from an initially uniform distribu-
tion of squirmers we also observe plumes that form at the
top wall, sink down, and then slowly evaporate. Likewise,
convection rolls can be merely transient when the bottom
cluster eventually disappears. The steady state for these
cases are inverted sedimentation profiles with strong lay-
ering at the top wall. The transient plumes and rolls occur
at higher torques in the blue region of the state diagram
of fig. 1 beyond the dashed line and to the right of the
state of stable plumes and convection rolls.
An interesting situation arises in the state diagram
when α is situated in a narrow stripe above α = 1 for
torques larger than a threshold value that we show by the
lower solid line in fig. 1(a). The clearest representation of
this spawning-cluster state arises for large torques, where
the squirmer orientation is fixed to the upright direction.
A big cluster of squirmers floats above the lower wall [see
fig. 1(b), right]. Hydrodynamic interactions between the
squirmers increase their mobilities and thereby their sed-
imentation velocities, which can cancel the swimming ve-
locity even for α ≥ 1. To be more specific, a squirmer
is pulled downward by the stokeslet flow fields from sur-
rounding squirmers [cf. eq. (8)]. Taking 12 of them (hexag-
onal packing) at distances equal to the mean spacing in
the spawning cluster gives a velocity roughly twice the
swimming velocity v0. Hence, squirmers in a cluster sink
downward until they reach and interact with the bottom
wall. Figure 2 shows the sedimentation profile for α = 1.5
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Figure 3. Density profiles for the inverted sendimentation
state for α = 6.01 and different torque values. For high torques
the steady state is reached via a long-lived transient, where a
cluster separates from the top layers and slowly evaporates
(not shown).
and r0/Rα = 0.5. In comparison to the convection roll
the bottom cluster has a higher density visible by a more
pronounced broad maximum and also the depletion in the
middle of the cell is stronger by an order of magnitude.
We call this state “spawning cluster” because individual
squirmers occasionally escape from the pores within the
cluster at high velocity. This can be seen in video M4, as
well as in the snapshot in fig. 1(b), right.
In table 1 we summarize the characteristics of the dif-
ferent states of neutral squirmers, including the figures
which describe them. In the following sections we dis-
cuss these states in more detail. We investigate conven-
tional and inverted sedimentation of neutral squirmers
in sect. 3.1 and the state with plumes and convection
rolls in sect. 3.2. Transient plumes and rolls in the in-
verted sedimentation state are discussed in sect. 3.3 and
in sect. 3.4 we address the spawning-cluster state. Finally,
we show how the state diagram changes for pusher and
puller squirmers in sect. 3.5.
3.1 Conventional and inverted sedimentation
3.1.1 Sedimentation
Collective sedimentation of squirmers under gravity has
extensively been studied in refs. [31,32,27]. It also occurs,
of course, for bottom-heavy squirmers. In the state dia-
gram of fig. 1(a) the sedimentation regime at low torques
extends beyond α = 1, although single squirmers with up-
right orientation can overcome gravity. For α = 1.5 and
r0/Rα = 0.01 we already showed the exponential sedimen-
tation profile in fig. 2. It occurs because the flow fields
of nearby squirmers tilt the orientation of one squirmer
away from the upright direction, which therefore sinks
even for α > 1. The necessary flow vorticity ω = curl u/2
for the reorientation is provided only by the gravity-in-
duced stokeslets [see eq. (8))] since the flow field of neu-
0 50 100 150 200
z
−1.0
−0.5
0.0
0.5
1.0
〈co
s
ϑ
〉 xy
vz < 0
α = 6.01 r0/Rα = 0.02
α = 2.31 r0/Rα = 0.11
α = 1.50 r0/Rα = 0.01
Figure 4. Mean vertical squirmer orientation 〈cosϑ〉xy as a
function of height z for all squirmers with drift velocity vz < 0.
The curves correspond to the states of sedimentation (red),
inverted sedimentation (blue), and plumes and convective rolls
(orange). Horizontal lines show cosϑth = 1/α, where single
squirmers under gravity switch between up- and downwards
swimming.
tral squirmers has zero vorticity. The situation changes for
large torques, where the squirmer orientation is always up-
right. At α < 1 squirmers are confined to clusters sitting
on the bottom wall. When crossing α ≈ 1 they start to
float, in the sense that the density at z = 0 develops a
minimum. An exemplary density profile of these spawn-
ing clusters for α = 1.5 and r0/Rα = 0.5 was already
discussed in connection with fig. 2.
3.1.2 Inverted sedimentation
In fig. 3 we show a set of density profiles for the inverted
sedimentation state for α = 6.01. While at zero torque the
profile is nearly uniform, increasing the torque from zero
the sedimentation length of the inverted profile decreases
and at high torques the inversion becomes strong enough
that layers of squirmers form at the top wall. Note that
for the three largest torque values transient plumes are
observed. In concrete, a cluster separates from the top
layers, sinks as a plume, and slowly evaporates (see video
M8 in the supplemental material, and sect. 3.3). However,
the sedimentation profiles are determined after reaching
the steady state in the long-time limit.
3.2 Plumes and convective rolls
In the following we discuss squirmer plumes that con-
stantly appear in the bulk and feed a convective roll at
the bottom of the system.
3.2.1 Collective sinking and plumes
Plumes of squirmers sink with preferentially upright ori-
entation. To characterize this motional state and contrast
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it with (inverted) sedimentation, we plot in fig. 4 the mean
vertical squirmer orientation 〈cosϑ〉xy as a function of
height z for all squirmers, which drift downwards: vz < 0.
The average is taken over the horizontal xy plane. In ad-
dition, for each α the dashed line indicates the threshold
value cosϑth = 1/α for the degree of upright orientation,
which a single squirmer must not exceed in order to sink.
In the conventional sedimentation state (red curve) the
mean upright orientation is always below the threshold
value, which explains the downward drifting of the squirm-
ers. The same is true for the inverted sedimentation state
(blue curve). However, while the threshold value cosϑth
belongs to a small upright orientation, the almost constant
mean orientation is negative here, thus squirmers with ve-
locity vz < 0 swim downwards (rather than sink). In con-
trast, the mean orientation of squirmers in the plume state
(orange curve) exceeds cosϑth in the region away from the
walls, where plumes occur. Thus, their sinking cannot be
explained by looking at single squirmers. Instead, it occurs
since hydrodynamic friction in clusters of squirmers is re-
duced such that the mobility of each squirmer is increased.
Thus, their sedimentation velocity, which acts against the
upwards swimming, is larger compared to single squirmers
and the whole cluster can sink. Indeed, for two squirmers
the leading order flow field acting on the neighbor is given
by the stokeslet contribution in eq. (8), which provides a
flow in negative z-direction and thus reinforces the gravi-
tational sinking. This hydrodynamically induced mobility
increase has already been studied for passive colloids on
the basis of Rotne-Prager mobilities, for example, in refs.
[86,87] and for larger conglomerates in refs. [88,89].
Cluster velocities To quantify the collective sinking in
the plume state further, we show in fig. 5(a) the distribu-
tions of the vertical cluster velocity for different cumulated
cluster sizes Ncl. To determine them, every 1000th time
step we monitor the clustering in the system by grouping
squirmers that have a neighbor distance d < R/8 into the
same cluster. This identifies clusters of different size Ncl,
where solitary squirmers have Ncl = 1. We only consider
squirmers in a region with height from 60a0 < z < 160a0
in order to avoid the densely accumulated squirmers close
to the top and bottom walls. The distribution of cluster
sizes (excluding solitary swimmers) is shown in the inset
of fig. 5(a). Having grouped the squirmers into clusters of
different sizes, we can determine the velocity distributions
for all squirmers, solitary squirmers (Ncl = 1), for squirm-
ers in clusters with Ncl ≥ 2, as well as those with Ncl ≥ 10
[see fig. 5(a)]. As references we have indicated three char-
acteristic velocities by vertical lines: the maximum bulk
velocity v = v0 −mg/γ∞ (right black line) and the zero
mean velocity of all squirmers (left black line). The dashed
orange line is the vertical velocity, which is calculated with
the mean vertical orientation of all squirmers from the or-
ange distribution with Ncl ≥ 10.
The total distribution of vertical squirmer velocities in
the convective plume state has a broad shape symmetric
about a mean very close to zero. This makes sense since
in steady state there should not be a non-zero vertical
Figure 5. (a) Distribution of vertical velocities of neutral
squirmers at α = 2.31 and r0/Rα = 0.11 for different cumu-
lative cluster sizes Ncl. Vertical lines: maximum bulk velocity
v = v0 − mg/γ∞ (black, right), nearly zero mean velocity of
all squirmers (black, left), velocity for the mean vertical orien-
tation of all squirmers from ρ(vz) for Ncl ≥ 10 (orange). Inset:
probability density of cluster sizes. (b) Effective friction coef-
ficient experienced by squirmers in a cluster as a function of
cluster size.
flux of squirmers. Solitary squirmers (Ncl = 1) have a
broad distribution as well, but with a positive bias. This
illustrates that solitary squirmers contribute more to up-
wards than to downwards motion. Interestingly, the veloc-
ities of solitary squirmers and small clusters can exceed
the free-swimming limit vz = v0. We speculate that this
comes from squirmers approaching the convective roll at
the bottom, where they are pushed up by hydrodynamic
flow fields originating from the convective rolls. Indeed,
squirmers with vz > v0 are hardly present in the veloc-
ity distribution of an inverted sedimentation state (not
shown) where convective flows at the bottom do not ex-
ist.
Restricting ourselves to clusters of larger size, Ncl ≥ k,
the distributions are more and more shifted to negative ve-
locities with increasing k and become narrower compared
to both the single-particle and the overall distributions.
They also lose the tail with positive drift velocity vz. The
squirmer velocities in clusters are determined by the bal-
ance of self-propulsion and sedimentation velocities. The
latter is increased in clusters of squirmers compared to
solitary squirmers due to their hydrodynamic interacions,
as discussed above. In contrast, when one calculates for
Ncl ≥ 10 the mean vertical orientation and balances the
upwards swimming and sedimentation velocities using the
single-squirmer mobility, one obtains a small positive ve-
locity indicated by the dashed orange line. It hardly inter-
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sects the distribution at its far end. However, this velocity
is close to the mean of the single-squirmer velocity distri-
bution (red curve), because we find that the orientational
distributions of squirmers swimming alone or in clusters
are very similar. We attribute this to the missing vortic-
ity in the flow field of a neutral squirmer. Finally, for the
system displayed in fig. 5(a) at Ncl ≥ 10 the mean value
of the vertical velocity is close to −v0. It decreases further
for even larger clusters and, of course, also depends on the
velocity ratio α.
In fig. 5(b) the strong decrease of hydodynamic fric-
tion in clusters with increasing size is clearly visible. We
estimated the effective friction coefficient γeff = −mg/veff
by determining an effective sedimentation velocity veff of
a squirmer within a cluster. For this we averaged over
the sedimentation velocities vz − v0 cosϑ of all squirmers
within a cluster and subsequently took the mean over clus-
ters with the same size that occur within a time window of
106∆t. We normalize the resulting effective friction by the
bulk value. In addition to the strong size dependence of
γeff , we realize how already for a single squirmer hydrody-
namic interactions with its neighbors reduce the friction
coefficient compared to γ∞ of an isolated squirmer.
Flow vorticity We have already mentioned how advection
by hydrodynamic flow fields from neighboring squirmers
(stokeslets in leading order) enhances the sinking velocity
and thus the mobility of squirmers in a plume. However,
squirmers in the neighborhood of a sinking plume are also
reoriented by the vorticity of these flow fields. While sink-
ing, a squirmer reorients and therefore swims towards the
plume. It joins the plume and thereby contributes to its
vertically extended shape. We note that such vorticities
also play a role in the formation of a fluid pump by hy-
drodynamically interacting active particles moving in a
harmonic trap potential [33]. In that study hydrodynamic
torques only compete with rotational noise, whereas in
the present case they have to balance the external gravi-
tational torque acting on bottom-heavy squirmers.
At high external torques stable plume states do not
exist in the state diagram of fig. 1(a), because bottom
heaviness completely dominates the upright squirmer ori-
entations. A reorientation by flow vorticity is not possi-
ble. However, when both hydrodynamic and gravitational
torques are comparable, a neighboring squirmer tilts to-
wards a plume but can only join it for a vertical alignment
with cosϑ / 1/α, because otherwise it will swim upwards
as explained before. This is why plumes persist at higher
torques for decreasing α in the state diagram of fig. 1(a).
The mechanism reported here resembles an instability de-
scribed previously [46], where reorientations by flow vor-
ticity also induce the formation of plumes composed of
gyrotactic algae.
To illustrate the balance of stokeslet vorticity and ro-
tations induced by bottom heaviness, we consider two
squirmers at the same height with a distance r12. Tak-
ing the curl of eq. (8) and setting it equal to eq. (10) leads
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Figure 6. Mean number of squirmers in sinking clusters
(N− ≥ 2) versus simulation time in units of MPCD time
step ∆t. The plumes (orange) are clearly visible via distinct
spikes. For transient plumes (purple) the spikes disappear with
time. For conventional sedimentation (red), spawning clusters
(green), and inverted sedimentation (blue) pronounced spikes
are not visible.
to
r0
Rα
sinϑ =
1
α
(
R
r12
)2
(13)
The second squirmer is tilted towards the first one, then
moves towards it so that they can form a plume. For a
simple estimate in parameter space we choose the minimal
distance r12 = 2R and the orientation θ = pi/2, where the
bottom-heavy torque is maximal. The hyperbolic curve
obtained from this estimate is shown in Fig. 1(a) and lo-
cates the region of the plume and convective roll state
fairly well.
Sizes of sinking clusters We have already identified the
plumes in fig. 4 via the mean vertical orientation of sink-
ing squirmers. The clustering dynamics offers a further
means to characterize and distinguish the stable plume
state from the other states. In fig. 6 we show the mean
number of squirmers 〈N−〉 in sinking clusters, i.e., where
N− ≥ 2, over a period of 106 MPCD time steps ∆t and
within the same vertical region 60 < z/a0 < 160 as in fig.
5. We can clearly recognize the plume state (orange line)
by the high spikes that correspond to sudden events of
collectively sinking squirmers passing through the region.
Also shown is the transient plume state (purple line) that
we discuss further in sect. 3.3. Here, the spikes disappear
around 1.3·106∆t when the plume has evaporated. In con-
trast, in the inverted sedimentation state (blue line), the
average size of sinking clusters remains low. Some small
spikes can be seen for the conventional sedimentation state
(red line), where small clusters form and induce some con-
vective dynamics, which has been observed before [31].
Likewise, some small spikes are visible for the spawning
cluster state (green line) but much more rarely.
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3.2.2 Convective roll
In the context of microswimmers, convection rolls are sta-
tionary rotational patterns, which are formed by gravitac-
tic swimmers due to their self-propulsion and advection in
the self-generated flow fields [82,50,36]. Here, we use this
term for the recirculating motion inside a cluster sitting
at the bottom wall. The cluster is visible in the left snap-
shot of fig. 1(b) and in video M3. In video M5, we show
a 3D view of the system in the region 0 ≤ z/a0 ≤ 100,
where we have color-coded the vertical squirmer velocities.
A snapshot from the video is depicted in fig. 7(a). A very
dynamic situation is visible. Squirmers in a plume sink
down on the right and join the cluster. Because of their
negative velocities they are colored in blue [see color bar
in fig. 7(c)]. The plume is also visible on the left due to
the periodic boundary condition. At the same time, indi-
vidual squirmers colored in red swim upwards in a region
with low density. In fig. 7(b) we see this depleted region
more clearly from the top. All squirmers below z = 70a0
are plotted. Furthermore, we recognize that the convective
roll has an elongated shape. This will change for larger
systems as we demonstrate below.
The circulation pattern in the convective roll is visu-
alized in fig. 7(c). Here, we plot all the trajectories of
squirmers within a slice of thickness ∆y = R spanning
roughly the time interval 9 · 105∆t. Each velocity vec-
tor of a squirmer is colored according to the value of its
horizontal velocity component vx. We recognize two wavy
patterns in the bottom region below z/a0 = 100. They
originate from squirmers moving down- and upwards while
swimming to the left (blue lines) and from squirmers mov-
ing up- and downwards while swimming to the right (red
lines). This generates the two circular patterns of the rolls.
One is clearly visible in the right region, a second one on
the left is not complete due to the periodic boundary con-
dition. In the middle we see squirmers leaving the convec-
tive rolls.
In order to study the vertical motion in the system,
we plot in fig. 8 the mean vertical current density of the
squirmers jz(x, y), defined via jz(x, y) := 〈ρ(r)〉‖〈vz(r)〉‖
[31], where ρ is the squirmer density, 〈. . . 〉‖ means average
along the z-direction, and · · · average over time. Figure 8
shows the current density with the vertical average taken
in three different regions: at the botton where the con-
vective rolls are (0 ≤ z/a0 ≤ 80), in the middle where
the plumes predominately occur (80 ≤ z/a0 ≤ 120), and
in the bulk region above it (120 ≤ z/a0 ≤ 160). At the
bottom (left plot) we immediately recognize the low den-
sity region where single squirmers move up (red region),
while the two counterrotating rolls meet where the squirm-
ers drift downwards (blue region). In the middle section
(center plot) the sinking squirmers are spatially focussed
due to the plume formation: squirmers swim towards each
other and sink collectively. The plumes feed the two coun-
terrotating rolls and, therefore, are found at the right edge.
In contrast, rising squirmers move mainly individually,
which is why their distribution is more spread out (cen-
ter and right plot). In the middle height section (center
plot) a weak plume is observable close to the center of the
plane. In the videos M3 and M6 we see how such plumes
move to the side while sinking. This exemplifies the strong
hydrodynamic flows that uphold the convective roll.
While the two convective rolls convey the picture of a
regular structure, the path of a single squirmer inside the
dense cluster is irregular, as we show in fig. 9. We have
reoriented the point of view in comparison to fig. 7(a) by
90◦, such that we now look at the long side of the rolls.
Furthermore, taking into account the periodic boundary
condition, we have slightly shifted the system box so that
the squirmer does not leave the box. For special points
in time we also display the squirmer’s orientation vector
in the figure. The trajectory starts at the blue dot. Af-
ter joining the rolls at position I, the squirmer meanders
inside the dense cluster and eventually escapes from an
edge (IV) with an upright orientation. The plotted trajec-
tory ends at the red dot. The squirmer attempts to leave
the bottom cluster several times (II,III) but is unsucces-
ful because the orientation is tilted too strongly against
the vertical. It even crosses the low density region close to
position IV as the projected trajectory on the horizontal
plane shows. The strong variation of the squirmer orienta-
tion against the normal is, of course, due to the vorticity
of the generated hydrdynamic flow field. In our case, it
results dominantly from the stokeslet due to the gravi-
tational force acting on each squirmer: The source-dipole
far-field of the neutral squirmer has zero vorticity, while
wall-induced image fields decay with O(r−4) and there-
fore are weak [55,90]. Interestingly, the “minuet” dance of
a pair of Volvox algae in the experiments of ref. [35] could
also be reproduced by stokeslet interactions between the
two microswimmers. The more chaotic meandering mo-
tion observed here inside the convective rolls then occurs
due to the interactions with all the surrounding squirmers.
We already mentioned that the elongated convective
rolls occupy the whole horizonzal plane of our simulation
box. To avoid this finite-size effect, we double the edge
length of the square cross section, keep the height con-
stant, but reduce the squirmer volume fraction by a factor
of two to 5%. As the top view of fig. 10, left demonstrates,
several compact convective rolls with an island shape ap-
pear in contrast to a single elongated cluster. In the side
view of fig. 10, right we recognize several sinking plumes.
Videos M6 and M7 illustrates impressively the observed
dynamics, in particular, how sinking plumes feed the con-
vective rolls. Interestingly, rolls in the larger system have
a characteristic distance. Increasing the density to 10% as
in the small systems the islands become larger and par-
tially touch each other, but the distance of their centers
stays approximately the same. Such regular structures are
known in biological systems, where length scales can vary
with system height or density, depending on the swimming
mechanisms and vertical alignment [48,50]. However, a
systematic variation of system size or density is beyond
the scope of this article.
We clearly see the island shape of the convective rolls
also in the mean vertical current density illustrated in
fig. 11. The sinking plumes above the rolls and the sink-
ing squirmers inside them are visible by the blue areas,
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Figure 7. Convective roll in the bottom region of the system for the same parameters α = 2.3 and r0/Rα = 0.11 as in fig. 1(b).
(a) 3D snapshot in the region 0 ≤ z/a0 ≤ 100 with color-coded vertical velocity components vz. (b) Top view projection taking
account of squirmers up to a height of 70a0. (c) Cumulated squirmer positions showing squirmer trajectories projected on the
vertical plane over a time span of roughly 9 · 105∆t for the same viewing direction as in (a). The snapshots of (a) and (b) are
included. The vertical velocity component vx is color-coded. The color bar applies to (a) and (c).
0 ≤ z/a0 ≤ 80 80 ≤ z/a0 ≤ 120 120 ≤ z/a0 ≤ 160
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Figure 8. Heat map of the mean vertical current density
jz(x, y) in the horizontal plane and for three regions z/a0 ∈
[0, 80], [80, 120], and [120, 160]. The time range for averaging is
the same as in fig. 7. We have applied a low-pass filter (provided
by python’s scipy package) in order to smoothen the data.
while around these regions squirmers swim upwards. Fig-
ure 12 completes the picture of the convective roll. We
show squirmer trajectories inside horizontal slices of thick-
ness 4R either at the bottom (left) or top (right) of the
convective rolls. The direction of the in-plane velocity is
color-coded. At the bottom squirmers move radially out-
wards (away from the dense clusters) while at the top
they move radially inwards (towards the centers of the
dense clusters). Combined with the vertical squirmer cur-
rent, this implies a toroidal flow pattern for the convective
rolls, which is also visible in video M7.
3.3 Transient plumes and rolls
Plumes and convective rolls as described in sect. 3.2 are
not stable at high torques. Instead, the long-term steady
state of the system is an inverted exponential sedimenta-
tion profile that develops after a long-lived transient. In
the following, we distinguish between two different tran-
sient states, which we observed starting from an initially
uniform distribution of squirmers: evaporating plumes form-
ing at the top wall and unstable rolls.
3.3.1 Evaporating plumes
First, we consider systems with large α ' 5.6. In the state
diagram of fig. 1(a) we have identified inverted sedimen-
tation with transient plumes to the right of the dashed
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Figure 9. Three-dimensional visualization of the trajectory
of a spherical squirmer in the convective rolls. The squirmer
first sinks as part of a plume (blue dot). Upon reaching the
bottom cluster at position I it meanders laterally. Positions
II and III indicate failed attempts to leave the cluster at the
edge of a roll. Finally, it escapes at position IV and swims
further upwards (red dot). Squirmers with their orientations
are shown, their radii have been increased for better visibility.
Using the periodic boundary condition, the system box has
been slightly shifted so that the squirmer does not leave the
box. Dashed line: Projection of the trajectory on the x-y plane.
Figure 10. Snapshots for an array of convective rolls in a
system with a horizontal cross-section that has been increased
by a factor of four in comparison to fig. 7, while keeping the
height constant. Left: Top view showing all squirmers below
z = 100a0. Right: Side view.
line. At such high velocity ratios α stable plumes cannot
exist since the vorticity from the gravitational stokeslet
is too weak to orient neighboring squirmers towards each
other in order to form stable plumes while sinking. In-
stead, squirmers escape to the top wall already for exter-
nal torques of medium strength. Hence, starting from a
uniform distribution dense squirmer layers start to form
at the top wall. Here, due to flow vorticity the orientations
tilt and protrusions of squirmers form that eventually sep-
arate from the layers. The sinking squirmer cluster reaches
a final height well above the bottom wall. It emits squirm-
ers which join the layers at the top wall. Thus the plumes
gradually evaporate and disappear. The whole process can
be seen in video M8. In steady state inverted sedimen-
tation profiles with a few layers occur. We have already
plotted some of them in fig. 3 for r0/Rα ≥ 0.04 and also
show such a profile at the end of video M8. The inability
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Figure 11. Mean vertical current density for the same system
size as in fig. 10. The vertical region for determining the average
is z/a0 ∈ [0, 100]. The chosen time span of 4.5 · 105∆t includes
the snapshots of fig. 10. A low-pass filter (provided by python’s
scipy package) was applied in order to smoothen the data.
Figure 12. Squirmer trajectories during a time span of 4 ·
105∆t projected onto the horizontal plane. Left: for the bottom
vertical region of the convective rolls at 0 ≤ z/R ≤ 4. Right:
for the upper vertical region at 8 ≤ z/R ≤ 12. The horizontal
velocity direction is color-coded according to the circular color
bar. The faint circles show squirmers from the snapshot in
fig. 10, left within the respective vertical regions.
of a sinking cluster to attract more squirmers to support
itself shows how gyrotactic structure formation fails for
squirmers at high α. As a consequence the steady state
here is always an inverted sedimentation for any torque.
Note, gravitational detachment of protrusions from a top
layer has been extensively studied in different theoretical
and experimental settings in connection with bioconvec-
tion [43,44,46,82,85].
3.3.2 Transient convective rolls
We now consider lower values of α, where sinking plumes
and convective rolls form, starting from the uniform ini-
tial distribution. Now, an increasing external torque dom-
inates the orientational dynamics of squirmers meaning
they experience a stronger vertical bias. This counteracts
the hydrodynamic reorientation and the motion of squirm-
ers towards a plume. Thus, at higher torques the plumes
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Figure 13. Time evolution of the volume fraction η in the
lower (0 < z < H/2) and upper (H/2 < z < H) half of the
system. The height is H = 210a0. The dashed line denotes the
global volume fraction ηglob = 0.10. The curves correspond to
inverted (red) and conventional sedimentation (blue), stable
plumes and convective rolls (orange), transient rolls (green),
and transient plumes (purple).
become thinner and eventually disappear in the long-time
limit. As a result, the convective rolls at the bottom wall
do not receive sufficient influx of squirmers and also evap-
orate. Again, the system reaches a steady state with an
inverted sedimentation profile and with layering at the top
wall. The process is visualized in video M9.
Both of the observed transient structures reveal them-
selves with clear signatures in the time evolution of the
spatial squirmer distribution. In fig. 13 we plot the vol-
ume fraction η versus time, for both the lower and upper
half of the system (z ∈ [0, H/2] and [H/2, H], where H
is the system height). The curves for the steady states
of inverted and conventional sedimentation (red and blue
curves), as well as for stable plumes and convective rolls
(orange curve) fluctuate around a constant value. How-
ever, transient plumes sinking from the top wall (purple
curve) or transient convective rolls (green curve) have a
steadily decreasing density in the lower half of the system.
At the same time, the squirmer layers at the top wall grow
at the expense of the shrinking plumes and rolls. Simulat-
ing the transients is very time-consuming. For example,
the green curve belongs to a transient convective roll and
has not equilibrated yet. Initially, the density is high in
the lower half of the system and the roll takes a long time
to dissolve.
Figure 14. Left: Side-view snapshot of a spawning cluster at
α = 1.5, r0/Rα = 0.5 The cluster has a height of ca. 50a0 =
12.5R. Right: Top-view snapshot of the same system. Vertical
velocities are color-coded with the same scale as in fig. 7.
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Figure 15. Heat map of the mean vertical current density
jz(x, y) in the horizontal plane at α = 1.5 in the region 80 ≤
z/a0 ≤ 120 and averaged over a time period of 9 · 105∆t. The
torque value r0/Rα corresponds to sedimentation (left) and a
spawning cluster (middle and right). We have applied a low-
pass filter (provided by python’s scipy package) in order to
smoothen the data.
3.4 Spawning clusters and transient hovering
In fig. 14 we show a spawning cluster viewed from the
side (left) and from the top (right). The snapshots belong
to a spawning cluster at α = 1.5 and large torque situ-
ated at the far right of the state diagram in fig. 1. We
also show this system in video M4. In the top view of the
right snapshot we observe a porous structure of the clus-
ter. In contrast to the convective rolls discussed above,
holes strongly depleted by squirmers are visible. Thus the
clusters are not compact objects. We colored the squirm-
ers in the snapshots according to their vertical velocity vz
using the same color code as in fig. 7. Hence, the green
color of most squirmers shows that they move little in
the vertical direction. Single squirmers perform a random
walk or meander around within the cluster and when they
reach the edge of a hole, the flow field of the neighboring
squirmers strongly drifts them upwards with large veloc-
ities up to 3v0. They either rejoin the cluster or leave it.
This is nicely visible in video M4.
In the spawning-cluster state plumes and convective
rolls no longer exist, as videos M4 and M7 demonstrate
and when inspecting spawning clusters at different pa-
rameters. This becomes also clear from fig. 15, where we
show the mean vertical current densities in the region
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z/a0 ∈ [80, 120] above the spwaning clusters and for three
different torques at α = 1.5.
The left plot for r0/Rα = 0.08 represents the sedimen-
tation state. Similar to ref. [31] convective patterns in the
region with an exponential sedimentation profile are visi-
ble, which consist of clearly separated areas with upward
and downwards moving squirmers. Increasing the rescaled
torque to 0.17 (see video M10), these areas start to disinte-
grate and thereby mark the onset of the spawning-cluster
state. Increasing the torque even further to 0.50, the mean
vertical current density is zero everywhere except for some
small patches. This is consistent with the very small den-
sity in the bulk region of our system as demonstrated by
the corresponding density profile in fig. 2. Note, however,
that compared to the sedimentation state the spawning-
cluster state has a much higher density at the top wall,
where squirmers leaving the cluster gather.
In the state diagram of fig. 1 we also mention “tran-
sient hovering”. For very large external torques, well above
the values used in the state diagram, we expect spawning
clusters to dissolve with time at α > 1. However, close to
α = 1 they dissolve very slowly.
3.5 Influence of squirmer type: pushers and pullers
For strong pullers and pushers the state diagrams, which
we show in fig. 16, simplify considerably compared to neu-
tral squirmers shown in fig. 1(a). First of all, we do not
observe any stable or transient convective rolls nor spawn-
ing clusters. The main features in the state diagrams of
fig. 16 are conventional and inverted sedimentation, where
the separation line is shifted to higher torques and higher
alpha compared to neutral squirmers. By visual inspec-
tion we observe plumes (see videos M11 and M12), where
clusters of squirmers form in the upper region of the simu-
lation cell, sink down, and dissolve. For pullers the plumes
are more pronounced as we explain in sect. 3.5.2 and we
indicate them by the grey shaded region as part of the
sedimentation state.
3.5.1 Influence of hydrodynamics on sedimentation state
For pushers and pullers, which have a non-zero squirmer
parameter β, the flow field of a force dipole is added to
the total squirmer velocity field u(r) as documented by eq.
(4). It decays like 1/r2 and in contrast to the pure source-
dipole field of neutral squirmers possesses a non-zero vor-
ticity, which acts on the orientation of nearby squirmers.
Previous studies already investigated the consequences of
this vorticity field for suspensions of microswimmers. They
found that it weakens polar order in clusters, whereby
pullers often retain a higher degree of polar order than
pushers [33,91,92,93].
Indeed, in the inset of fig. 17 we observe for the same
parameters α = 6.01 and r0/Rα = 0.04 that the neu-
tral squirmer has a stronger alignment along the vertical
than pushers and pullers. As a result, pushers and pullers
have a stronger tendency to sink under gravity. There-
fore, while neutral squirmers show inverted sedimentation
at α = 6.01 for all torque values, strong pullers (β = 5)
exhibit a transition from conventional to inverted sedi-
mentation with increasing r0/Rα. Examples for the re-
spective sedimentation profiles are plotted in the main
graph of fig. 17 together with a uniform profile right at the
transition. Thus, the disturbance of the vertical alignment
by the vorticity field of strong pushers and pullers shifts
the transition line between conventional and inverted sed-
imentation to larger torques and swimming velocities. For
the same reason the tendency to form layers at the upper
wall is strongly reduced. This becomes obvious by com-
paring the sedimentation profiles for the same parameters
α = 6.01 and r0/Rα = 0.04 for neutral squirmers in fig. 3
and strong pullers (β = 5) in fig. 17.
3.5.2 Plumes of pullers and pushers
Unlike for neutral squirmers we do not observe stable con-
vective rolls for both strong pullers and pushers. This be-
comes obvious from the density profiles in fig. 18. The
broad and high density peak near the bottom wall is miss-
ing for pullers and pushers. Note that we increased the
rescaled torque r0/Rα for pullers and pushers to be clearly
in the region where plumes occur. Convective rolls possess
dense squirmer clusters with some polar order due to bot-
tom heaviness. However, such clusters are hydrodynam-
ically unstable for squirmers with a strong force-dipole
contribution [91,92]. The same applies to spawning clus-
ters, which we also do not observe.
For neutral squirmers we observed plumes feeding con-
vective rolls. For strong pullers and pushers we can also
identify plumes by visual inspection, as demonstrated in
videos M11 and M12, respectively. Pullers form visible
plumes in the upper region that disband close to the bot-
tom wall. Pusher plumes are very unstable and disinte-
grate already while they are sinking. Generally, the plume
clusters are smaller compared to neutral squirmers. Thus,
when plotting the mean number of sinking squirmers in a
cluster, 〈N−〉, versus time as in fig. 6, the plumes cannot
clearly be identified by high spikes. Instead, for pullers we
determined the mean squirmer number by also averaging
over more than 5 · 105 time steps. The result is plotted
in fig. 19 versus the rescaled torque for different swim-
ming speeds α. For α = 1.5, 2.0, and 3.0 we roughly see a
sigmoidal shape and locate a transition to a plume state
at the inflection point. This is the meaning of the curved
dashed line in the schematic state diagram of fig. 16, left.
For pushers we do not see such a sigmoidal shape but
rather a slow and steady increase. For this reason we did
not identify a separate region for plumes but only indi-
cate that we see them around the line separating con-
ventional and inverted sedimentation from each other at
higher torques.
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Figure 16. Schematic state diagrams of strong puller (left, β = 5) and pusher (right, β = −5) squirmers in the parameter
space α versus r0/Rα. The solid line separates the sedimenation from inverted sedimentation. For pullers the region for plume
occurence is rationalized in sect. 3.5.2.
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Figure 17. Density profiles of strong pullers at α = 6.01 for
different rescaled torques r0/Rα, which generate exponential,
constant and inverted exponential profiles. Inset: Orientational
distribution function at α = 6.01 and r0/Rα = 0.04 for differ-
ent squirmer parameters β = −5, 0, 5.
4 Conclusions and outlook
In this article we have investigated the remarkable fea-
tures of microswimmer suspensions under gravity using
full hydrodynamic simulations of ca. 900 squirmer model
swimmers, where we concentrated on the neutral squirmer
but also looked at strong pushers and pullers. We have de-
termined the respective state diagrams varying the ratio of
swimming to bulk sedimentation velocity and the gravita-
tional torque due to bottom heaviness. The general trend
in all three cases reveals conventional sedimentation for
low swimming velocity and torque, while the sedimenta-
tion profile becomes inverted when increasing both values.
In addition, for neutral squirmers we have discovered a
rich phenomenology in between both sedimentation states.
Squirmers sink collectively in plumes due to reduced hy-
drodynamic friction and feed fascinating convective roll
patterns of elongated or toroidal shape that self-organize
at the bottom of the system. The plume formation is sup-
ported by squirmer reorientation due to vorticity resulting
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Figure 18. Density profiles at α = 2.00 for neutral, pusher,
and puller squirmers. The rescaled torque r0/Rα is chosen such
that collective sinking via plumes occur in the system (see
videos M11, M12 for β = ±5). Inset: Distribution of cluster
sizes in the plumes for the same parameters as in the main
plot.
Figure 19. Mean size of sinking puller clusters (β = 5) as
a function of the rescaled torque for different α. The mean
〈N−〉 is calculated in the lower region 20 ≤ z/a0 ≤ 120 and by
averaging over more than 5 · 105 time steps. Furthermore, all
sinking clusters with N− ≥ 2 are considered.
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from the stokeslet contribution to the flow field. The lat-
ter is induced by the gravitational force acting on each
squirmer. The combination of upward swimming (gravi-
taxis) and reorientation by nearby flow fields (rheotaxis)
is called gyrotaxis, a mechanism introduced and discussed
in connection with bioconvection [46,47,48,49,51]. In our
case plumes and convective rolls also form transiently at
larger torques. When starting from an initially uniform
squirmer distribution, a dense layering of squirmers forms
at the top wall. It develops an instability due to the gy-
rotactic mechanism and then sinking plumes emerge. At
increasing torque and moderate speed ratios we also ob-
serve dense but porous squirmer clusters that float above
the bottom wall and spawn single squirmers. They also
become transient for increasing speed ratio.
For strong pushers and pullers the transition line be-
tween conventional and inverted sedimentation is shifted
to higher torques and speed ratios. The reason is the
non-zero vorticity of the additional force-dipole flow field,
which reorients neighboring squirmer orientations from
the vertical so that they can sink more easily. This is also
the reason why strong pusher and pullers do not show
such a rich phenomenology. Only weak plume formation
is observed without any stable convective rolls occurring.
In the case of pullers we could quantify it by the mean
size of sinking puller clusters.
In systems with biological microswimmers plume for-
mation is often traced back to the gyrotactic mechanism
introduced above [46,48,49]. However, also the overturn-
ing instability of a dense layer of microswimmers at the
top boundary, reminiscent of the Rayleigh-Taylor instabil-
ity is discussed [44,94,95]. Indeed, in ref. [95] for plumes of
the microorganism Tetrahymena emanating from a dense
top layer, gyrotaxis is discarded. In contrast, in our case
plumes for the convective rolls also form in bulk, where
clearly gyrotaxis is the relevant mechanism. Even for the
transient plumes of neutral squirmers emanating from a
dense squirmer layer at the top boundary, we think that
gyrotaxis is predominant. However, these comments also
suggest that gyrotaxis of squirmers needs to be studied
further in the future, in particular, how the characteris-
tic length scales of plumes and convective rolls depend on
system size and squirmer density.
In biological systems, microswimmers are often of pu-
sher and puller type but nevertheless, in contrast to our
simulations, can form stable plumes and convection cells
[50,82,48]. Our investigations are performed for strong
pushers and pullers, while sufficiently weak pusher and
puller squirmers with β closer to zero will also show con-
vective rolls. Indeed, estimates for the force-dipole mo-
ment of some biological microswimmers show a weak dipole
strength [96,83,97]. Furthermore, in our simulations we
look at a very generic system concentrating on gravita-
tional force, bottom heaviness, and hydrodynamic inter-
actions between the squirmers. Real microswimmers with
a non-spherical shape also experience a drag torque [39,54]
and their flagella might act on neighbors by steric forces.
Also, for the algae C.reinhardtii it has been shown that the
flow field induced by the periodic beating pattern varies in
time and during a short period is reminiscent of a pusher
[98,99]. Thus, real microorganisms show a large variability
and it was argued that different organisms could even be
distinguished via their bioconvection patterns [50]. Gen-
eralizing our simulations in these directions provides op-
portunities for interesting future research.
Bottom heaviness is not the only source for orienta-
tional order in order to observe interesting pattern forma-
tion under gravity. It can also be induced by additional ex-
ternal fields, in which the microorganism performs taxis.
For example, the alga C.reinhardtii relies on phototaxis
[85,100], while the bacterium B. subtilis shows aerotaxis,
where it aligns along a gradient of oxygen [50,82]. The
response to chemical fields (chemotaxis) is fascinating on
its own [101,102,103,104,105,106] and combining it with
microswimmers [107] moving under gravity opens a new
research direction.
Finally, microorganisms moving under gravity might
also adapt their behavior to further external cues. For ex-
ample, it has been argued that phytoplankton actively
change their morphology to adjust their migration strat-
egy to turbulent flow fields [39]. This connects to another
new and fascinating research direction related to learning
in active systems [108,109,110].
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5 Appendix
Table 2 provides an index of the videos referenced in this
paper and made available in the electronic supplemental
material. It contains the system parameters and describes
the states visualized by the videos.
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